ABSTRACT Systematic low-angle and wide-angle x-ray scattering studies have been performed on fully hydrated unoriented multilamellar vesicles of saturated lecithins with even chain lengths N = 16, 18, 20, 22, and 24 as a function of temperature T in the normal gel (L,3) phase. For all N, the area per chain Ac increases linearly with T with an average slope dAJdT = 0.027 A2/OC, and the lamellar D-spacings also increase linearly with an average slope dD/dT = 0.040 A/'C. At the same T, longer chain length lecithins have more densely packed chains, i.e., smaller Ac's, than shorter chain lengths. The chain packing of longer chain lengths is found to be more distorted from hexagonal packing than that of smaller N, and the distortion e of all N approaches the same value at the respective transition temperatures. The thermal volume expansion of these lipids is accounted for by the expansion in the hydrocarbon chain region. Electron density profiles are constructed using four orders of low-angle lamellar peaks. These show that most of the increase in D with increasing T is due to thickening of the bilayers that is consistent with a decrease in tilt angle 0 and with little change in water spacing with either T or N. Because of the opposing effects of temperature on area per chain Ac and tilt angle 0, the area expansivity aA is quite small. A qualitative theoretical model based on competing head and chain interactions accounts for our results.
INTRODUCTION
The study of lipid bilayers has been and will continue to be greatly enriched by investigating how the structure and thermodynamic properties vary as the lipids are varied, including both naturally occurring and specifically synthesized lipids (Janiak et al., 1987; Lewis et al., 1987; Huang et al., 1994) . One particularly appropriate strategy is to vary the chain length, because this variation systematically alters the balance between the interaction energy involving the headgroups, which remains the same, and the total interaction between the chains, which increases with chain length.
As is well known, this variation yields increased main transition temperatures with increased chain length, but other structural changes, especially as a function of temperature, have not been so well documented.
Increasing chain length may involve dramatic changes. For example, for the phosphatidylethanolamines, decreasing chain length takes one from phase diagrams that have stable gel phases to phase diagrams in which the gel phase is merely metastable at all temperatures (Chang and Epand, 1983; Wilkinson and Nagle, 1984) . In a recent study of a sequence of disaturated phosphatidylcholines from this laboratory, it was found that the wide-angle pattern in the gel phase started to become qualitatively different as the chain length N was increased beyond 20 carbons (Tristram-Nagle et al., 1993) , and various new phenomena have now been carefully documented by x-ray diffraction for N = 24 and by infrared spectroscopy for many chain lengths (Snyder et al., submitted for publication) . Specifi-cally, new gel-like phases appear, at both higher and lower temperatures. When these new phases are thoroughly understood, they will be valuable for what they can reveal about the competition between different forces that organize the gross structure of bilayers.
We have also been able to obtain and study the ordinary L, gel phase for all chain lengths over extended temperature ranges. This kind of study, which is the subject of the present paper, is valuable for revealing the competition between different forces that organize the fine structure of the gel phase.
MATERIALS AND METHODS
All lecithins were purchased in lyophilized form from Avanti Polar Lipids (1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (to be abbreviated C16); 1,2-distearoyl-sn-glycero-3-phosphatidylcholine (C18); 1,2-diarachidoyl-sn-glycero-3-phosphatidylcholine (C20); 1,2-dibehenoyl-snglycero-3-phosphatidylcholine (C22); 1,2-dilignoceroyl-sn-glycero-3-phosphatidylcholine (C24)) and used without further purification. Oriented samples were prepared and analyzed as described by Tristram-Nagle et al. (1993) .
Most of the work in this paper was on lipid/water dispersions, which were placed in 1 mm x 4 cm capillaries following standard procedures (Tristram-Nagle et al., 1993) . Upon brief centrifugation, these dispersions separate into a lipid rich phase and a clear water rich phase, thus demonstrating full hydration. After scattering measurements, the lipid was assayed for radiation and thermal damage by thin-layer chromatography. The sample chamber holds a cassette with slots for 10 x-ray capillaries. The chamber is connected to a motorized 3D translational unit, which allows easy access of the x-ray beam to the capillaries and new spots on each capillary; this facilitates sample loading and allows us to minimize radiation damage by frequently translating unexposed sample into the beam. The temperature was controlled as described by Sun et al. (1996) .
Our principle measurements were carried out using a rotating anode x-ray source interfaced with a four-circle diffractometer and a Braun linear position sensitive detector (PSD) as previously described (Sun et al., 1994 . Electron density profiles were obtained from the Lorentz-corrected intensities of the first four orders of low-angle diffraction in the usual way (Wiener et al., 1989) .
Uncorrected head-head distances D 4th were obtained from the peakpeak distances in the fourth-order electron density profiles. We have found that D4th is remarkably accurate, compared to larger and smaller numbers of Fourier components . Nevertheless, we are interested in small differences as a function of temperature, so systematic corrections to DHH were estimated. We began with a known electron density profile of the one Gaussian hybrid type with parameters determined for the gel phase of C16 (Wiener et al., 1989) . Later results in this paper (see Fig. 3 RESULTS AND DISCUSSION Low-angle scattering Table 1 . Fig. 3 shows the electron density profiles p(z) along the bilayer normal for all chain lengths except C24, for which the low-angle data for the usual gel phase are too obscured by scattering from the new phases . The uncorrected head-head spacing D 41hH is calculated as the distance between headgroup peaks in the same bilayer (from zero to around 50 A) in Fig. 3 . Results for DHH reported in Table 1 Simon, 1986; McIntosh et al., 1989) . McIntosh and Simon (1986) reported a fluid layer thickness of 11.7 A for fully hydrated C16 at 20°C; using their definition for the fluid layer thickness, which is Dw -10 A, we obtain a fluid layer thickness of 11.0 A for fully hydrated C16 at 25°C. Fig. 4 shows DHH/2 and Dw as a function of temperature for four chain lengths. As would be expected, the thickness of the bilayers DHH systematically increases as the chain length increases. In contrast, the water spacing is nearly the same for all chain lengths. From the results in Fig. 4 ,l,. ,,I,, l.,,,,,,,,,,,,,,.,,,,. lengths N. As has been known for a long time, these peaks indicate orthorhombic packing of nearly all-trans hydrocarbon chains tilted toward nearest neighbors (Sun et al., 1994; Levine, 1970; McIntosh, 1980) . cent methylenes projected onto the chain axis. The wideangle data therefore yield the hydrocarbon volume expansion coefficients dVJdT shown in Table 1 . For the volume VL of the entire lipid, dilatometry (Nagle and Wilkinson, 1978) has given dVL/dT = 8.3(5) X 10-4mIIgoC for C16 and C18. Within error, dVL/dT and dVJdT are the same, indicating that thermal changes in lipid volume are accounted for by the hydrocarbon chain region, as originally suggested by Nagle and Wilkinson (1978) from much less extensive x-ray data. It may also be noted that the sign of the small differences would require a small volume shrinkage of the headgroup and glycerol parts of the lipid bilayer with increasing temperature. The widths of the sharp (20) wide-angle peaks, shown in Fig. 7 , decrease with increasing temperature. The leveling out of the apparent half-widths at the higher temperatures is an artifact of the instrumental resolution of about 0.0650 (HWHM), as shown in Fig. 7 . A higher resolution study (Sun et al., 1994) obtains 0.0150 (HWHM) for the intrinsic half-width of the (20) peak for C16 at 25°C. Because the intrinsic half-width of the (20) peak is usually inversely proportional to the correlation length of the chain packing order, it is surprising that the half-width decreases with increasing temperature, because one would expect the sample to become more disordered with smaller correlation lengths at higher temperatures. It is also remarkable that longer chain lipids with stronger cohesive van der Waals forces between chains should have shorter correlation lengths. Our temperature reversibility study on C24 showed that the HWHM result in Fig. 7 was reproducible as the temperature was raised and lowered, so the temperature dependence in Fig. 7 is not due to gradual annealing as the samples are warmed. We also note that the much wider (11) peak width is expected to decrease with increasing temperature because the chain tilt decreases and the (11) peak is off the equator in q-space, but that this explanation does not apply to the (20) peak because it is on the equator (Sun et al., 1994) . Fig. 5 (Lewis et al., 1987) , should also play a role.
Tilt angle 0
The tilt angle 0 of the hydrocarbon chains in the L., phase has been measured directly on fully hydrated oriented films in this and previous work (Tristram -Nagle et al., 1993) . For C16 it has also been possible to obtain the tilt angle in unoriented MLV powder samples (Sun et al., 1994) Fig. 9 shows data for an oriented C16 sample taken over a larger temperature range. Although it is the subgel phase rather than the gel phase that is thermodynamically stable at the lower three temperatures in Fig. 9 , the subgel phase does not form in C16 unless the temperature is decreased below 7°C for a long enough time to incubate it (Nagle and Wilkinson, 1982) . The wide-and low-angle patterns confirmed that our oriented samples were in the gel phase at all temperatures in Fig. 9 . Fig. 9 gives a best fitted value dO/dT = -0.16°/°C. Furthermore, there is no doubt that dOIdT is negative (Janiak et al., 1976; Kirchner and Cevc, 1994) ; the least temperature-dependent value that can be justified from Fig. 9 is dO/dT = -0.10°/C. This latter value is close to the value of -0.1 1°/°C for C16 that we estimate from the 0 versus T data that Janiak et al. (1976) obtained using the gravimetric method.
In this paragraph we shall analyze our low-angle data to obtain an indirect determination of dOIdT for all chain lengths. From Fig 4 we find that dDHH/dT is practically the same as dD/dT shown in Table 1 . Assuming that the change in DHH is due to changes in chain tilting, then DHH = 2N(1.27 A)cos 0 + 2DH, (3) where 2DH accounts for the headgroup thickness, which is assumed not to change with temperature. Then, dDHH/dT = -2N(1.27 A)(sin 0)(d0/dT). (4) The values of d0/dT calculated from Eq. 4 are shown in Table 1 .
Although the value of d0/dT obtained in the preceding paragraph is consistent with the extreme upper end of the range for d0/dT obtained from our direct measurements of C16, we are concerned with the possible discrepancy, and so we have considered possible changes in the model that might bring them into better agreement. However, all of the most plausible changes we have thought of, such as the one in the last paragraph of this subsection, make the disagreement worse. The best model we can derive that changes our calculated value shown in Table 1 to our best measured value of -0.16°/°C would require that the headgroup thickness DH decrease with increasing temperature. In this paragraph let us turn from temperature dependence to chain length dependence. Our best established tilt angle is 0 = 31.6°for C16 at 25°C. Together with DHH from Fig. 4 , Eq. 3 yields DH = 4.12 A. Using this value of DH for other chain lengths yields the second set of 0 values in Table 1 with the superscript b. Agreement with directly measured tilt angles (indicated by superscript a) is satisfactory.
Another model that has been considered by Kirchner and Cevc (1994) assumes that the heads are tilted with the same angle as the chains. In place of Eq. 3 one then has DHH = (2N(1.27 A) + 2DH)COS 0.
Following the same procedures as in the preceding paragraph, we obtain, for N = 18, 20, 22, and 24, 0 = 31.80, 33.1°, 34.60, and 34.9°, respectively, using Eq. 5 . Because these are in poorer agreement with our direct measurements of 0, we suggest that the effective tilt of the headgroups is not rigidly coupled to the tilt of the chains and that Eq. 3 is superior to Eq. 5. Using Eq. 5, Kirchner and Cevc (1994) obtained a dO/dT of about -0.180/0C. The sign of their result concurs with our earlier (Tristram-Nagle et al., 1993) and present study, but the absolute value, which would be even larger if Eq. 4 were used, is about twice as large as our values presented in Table 1 .
Interfacial area A The area A that each lipid occupies on average at the interface with the water space is given by A = 2AC/cos 0.
(6) Table 1 shows two sets of values of A for T = 250C obtained using our two determinations of 0. As was emphasized in our early work (Tristram-Nagle et al., 1993) , A is nearly constant as a function of chain length. The temperature dependence of A is obtained by differentiating Eq. 6. Then, the area expansivity defined by AA = (dA/dT)/A is given by
Values of aA calculated using our data and Eq. 7 are shown in Table 1 . The most remarkable result is how small aA iS for all chain lengths. Even for a 50°C increase in T, A would only increase by 1.4 A2 for C24. A significant reason for small aA is the competition of thermal expansion of the chain packing and of the chain tilting. As would be expected, the chain lattice expands thermally, so that the first term in Eq. 7, [(dA4/d7) /AJ], is positive. However, the second term in Eq. 7 is negative because chain tilt decreases with increasing temperature. Because the magnitudes (about 0.001/°C) of the two nearly equal terms are comparable, the magnitude of aA iS smaller than one would obtain from either term alone. Furthermore, this cancellation of terms, each of which has errors, suggests that the fairly large relative increase of aA with N seen in Table 1 may not be our direct measurements of d0/dT =-0.16°/°C would even yield negative values for aA.
Values of aA from +5 X 10-4 (Evans and Kwok, 1982) to +3 x 10-3 (Needham and Evans, 1988) have been reported from studies of giant unilamellar vesicles of C14. It is quite impossible that our multilamellar vesicles could have values of aA greater than 1.5 X 10-3/°C, because this number comes from the first term in Eq. 7 determined directly from our wide-angle results for A,, and the effect of tilt angle in the last term in Eq. 7 only decreases aA. Although one might wish to consider that aA might be different for gel phases in giant unilamellar versus multilamellar vesicles or for C14 versus longer chain lengths, these papers emphasize that obtaining results for the gel phase of giant unilamellar vesicles is much more problematical than for the higher temperature phases.
Dynamical light scattering data on small unilamellar vesicles led Kirchner and Cevc (1994) to conclude that aA iS negative, and they then based a new theory of the pretransition on this conclusion. They argued that this conclusion was plausible because the tilt angle decreases with increasing temperature. Their argument, however, neglected the increase in the chain packing area Ac with increasing temperature, which adds a positive term to aA, as shown in Eq. 7, and compensates for the negative contribution to aA from the decreasing chain tilt.
THEORETICAL INTERPRETATION
In our earlier paper (Tristram-Nagle et al., 1993) we had shown that the area A and the water region were nearly independent of chain length. We advanced a theory for this that will apply equally well to our new results that the area A and the water region are also nearly independent of temperature, whereas the thickness DHH of the bilayer and the chain tilt angle 0 have significant temperature variations. That theory is based on the explanation (Nagle, 1976; McIntosh, 1980 ) that chains tilt because of competing interactions in the head and chain regions of the lipid molecule. Specifically, there is a strong steric repulsive interaction between headgroups for areas A less than 48 A2 (TristramNagle et al., 1993) . However, the natural area 2Ac for the packing of all-trans hydrocarbon chains is only about 40 A2. To minimize the total energy due to both headgroup and chain interactions, the chains tilt at an angle 0, so that both the heads and the chains can fit into the geometric constraint of a flat bilayer. However, there is still competition between heads and chains because the chains, by themselves, would prefer not to tilt as much as is required by the steric interaction of the heads. The chains then exert a pressure on the headgroups that pushes them together, so that they are in the strongly repulsive, and therefore less elastic, portion of the head-head interaction energy function. Therefore, the area A changes little as the external forces on the heads change, e.g., because of changes in chain length or temperature. However, the chains are in the much more elastic, and (1995) showed that the principal repulsive force in the gel phase of C22 is the hydration force and that it is nearly independent of temperature. The other principal interbilayer force is the van der Waals force (Israelachvili, 1985) , which is essentially given as W 1 2 1 6 =-dw (DW + DHH)3 (DW + DHH)3]. (8) Although the magnitude of the van der Waals force should become larger with increasing temperature because of changing DHH, the increase due to that change is less than 0.5% over a temperature interval of 45°C using our measured changes in DHH.
We therefore conclude that the major thermal changes in lecithin bilayers within the usual Lot thermodynamic phase are changes in chain packing area Ac and in tilt angle 0.
Because the headgroups are always packed together very strongly, much smaller changes occur in the headgroup area. Because the lipid/water interface does not change, it is then not surprising that the water spacing does not change much with temperature or with chain length. This research was supported by NIH grant GM44976.
